Key message The ectopic expression of AtDFR results in increased accumulation of anthocyanins leading to enhanced salinity and drought stress tolerance in B. napus plants. Abstract Flavonoids with antioxidant effects confer many additional benefits to plants. Evidence indicates that flavonoids, including anthocyanins, protect tissues against oxidative stress from various abiotic stressors. We determined whether increases in anthocyanins increased abiotic stress tolerance in Brassica napus, because the values of B. napus L. and its cultivation area are increasing worldwide. We overexpressed Arabidopsis dihydroflavonol-4-reductase (DFR) in B. napus. Increased DFR transcript levels for AtDFR-OX B. shoots correlated with higher anthocyanin accumulation. AtDFR-OX Brassica shoots exhibited lower reactive oxygen species (ROS) accumulation than wild-type (WT) shoots under high NaCl and mannitol concentrations. This was corroborated by 3,3-diaminobenzidine staining for ROS scavenging activity in 1,1-diphenyl-2-picryl-hydrazyl assays. Shoots of the AtDFR-OX B. napus lines grown in a high salt medium exhibited enhanced salt tolerance and higher chlorophyll content than similarly grown WT plants. Our observations suggested that the AtDFR gene can be effectively manipulated to modulate salinity and drought stress tolerance by directing to high accumulation of anthocyanins in oilseed plants.
Introduction
Because of the continuing increase in the human population, more advanced agricultural strategies will be necessary to meet human needs. In many areas around the world, water scarcity is one of the primary consequences of human activities, which, in turn, restricts global crop productivity (Rosegrant et al. 2009; Zhu et al. 2016) . Unfavorable agricultural environments, together with water shortages, incur serious losses in crop yield. As such, drought tolerance will be an important agronomic characteristic because of human-induced water shortages, as well as climate change in the future (Collins et al. 2009 ).
Drought stress restricts plant growth and productivity. Numerous studies have been conducted to understand the physiological alterations imposed by drought stress in plants (Zhu et al. 2016) . Because of lower water potential, cell elongation is altered, resulting in inhibition of plant growth under drought conditions. It is well established that Communicated by Qiao Zhao.
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Electronic supplementary material The online version of this article (doi:10.1007/s00299-017-2147-7) contains supplementary material, which is available to authorized users. biosynthesis of secondary metabolites plays a crucial role in plant abiotic stress tolerance (Selmar and Kleinwächter 2013; Vu et al. 2015) . The primary reason for increased accumulation of secondary metabolites during abiotic stress is their role as efficient scavengers of reactive oxygen species (ROS), which result from the inhibition of photosynthesis (Agati et al. 2012; Tattini et al. 2015) . Moreover, secondary metabolites of plants have been suggested to play beneficial roles in human health, and may prevent cardiovascular disease, diabetes, and cancer, because they act as free radical scavengers (Baek et al. 2015 ; Lee et al. 2016; Lin et al. 2015) .
Anthocyanins are natural compounds, which are synthesized via the flavonoid biosynthetic pathway. These substances are responsible for various plant pigments, including the blue, purple, and red coloration in many plant tissues. Various attempts have been made to enhance anthocyanin levels. For example, Arabidopsis R2R3-type MYB transcription factor PAP1 (production of anthocyanin pigment 1) gene (AtPAP1) is a major component of the regulatory complexes for anthocyanin biosynthesis. When AtPAP1 was ectopically expressed in tobacco plants, different tissues of the resultant transgenic plants exhibited red or purple pigmentations (He et al. 2016) . The same pigmentation was observed in transgenic Brassica napus plants, accompanied by a 50-fold increase in cyanidin and pelargonidin levels, and a fivefold increase in quercetin and sinapic acid (Li et al. 2010a ). AtPAP1 appears to activate many genes involved in flavonoid biosynthesis, as evidenced by gene expression analysis (Li et al. 2010b ). Flavonoid biosynthesis is divided into several pathways leading to the synthesis of flavonols, anthocyanins, and lignins, among others. In this process, if dihydroflavonol is catalyzed by flavonol synthase (FLS), the final products of the pathway will be flavonols, such as quercetin and kaempferol. Otherwise, if dihydroflavonol 4-reductase (DFR) catalyzes the reaction for the same precursor, it will produce anthocyanins. The FLS1 defective mutants accumulate more anthocyanins than the wild type (Owens et al. 2008; Stracke et al. 2009) , and flavonol levels have been reported to be higher in the AtDFR-OX mutant than in the wild type (Pelletier et al. 1999) . Therefore, in a given situation, plants must select which pathway to activate; and the selection process has yet to be fully elucidated. In our previous study, we conducted genetic modification to re-direct the flavonoid biosynthetic pathway to increase production of flavonols by overexpressing BnFLS1 in B. napus plants (Vu et al. 2015) .
Brassica napus L. is a herbaceous plant belonging to the Brassicaceae family, which includes Brassica oleracea, Brassica rapa, and Arabidopsis thaliana (Al-Shehbaz 1984) . B. napus has various commercial uses, including the production of high-quality vegetable oil, animal feed, and biodiesel fuel (http://faostat3.fao.org). In particular, the edible oil of B. napus accounts for approximately 12% of the worldwide market (Paterson et al. 2001) . The goal of this study was to determine whether increased anthocyanins conferred salt stress tolerance in B. napus via the ectopic expression of the Arabidopsis DFR gene. Our work clearly provides evidence that anthocyanin levels can be genetically modulated to allow them to serve as efficient antioxidant molecules, which combat the deleterious effects of abiotic stresses on B. napus.
Materials and methods

Plant materials and conditions of growth
Brassica napus L. 'Hanla' were grown as wild-type plants. Plants were sterilized and sown on 1/2 Murashige and Skoog (2% MS) and raised in a growing chamber: 16-h light/8-h dark cycle; 23 ± 1°C, 50-55 lmol photons m -2 s -1 , and *70% relative humidity. Murashige and Skoog (MS) medium containing 0.5% Phytagel and 2% sucrose (pH 5.8) was prepared. Plants were immersed in the MS medium with additional compounds, including NaCl, mannitol, and sucrose, before use. For the examination of salt stress tolerance of plants grown in soils, soils on plastic containers were autoclaved before transplanting of brassica explants. The soils were watered with 0-, 200-, or 300-mM NaCl, and the plants were allowed to grow in a growth chamber: 16-h light/8-h dark cycle; 23 ± 1°C, 50-55-lmol photons m -2 s -1 , and *70% relative humidity.
AtDFR cloning and transformation
Full-length cDNA of AtDFR was isolated from A. thaliana. The AtDFR gene was cloned by utilizing the PCR/GW/TOPO TA Cloning Kit (Invitrogen). The AtDFR gene was inserted into the pEarleyGate202 vector by producing the construct 35Spro:FLAG:AtDFR, and this gene was inserted into B. napus L. Hanla. According to a previously reported protocol (Bhalla and Singh 2008) , B. napus was altered by Agrobacterium-mediated transformation. Inoculation of Agrobacterium proceeded with LB containing 50-lg/mL kanamycin and 25-lg/mL rifampicin. The cells were centrifuged and mixed in liquid MS media with 2% sucrose to produce an OD 650 = 0.5. Next, the 4-day-old cotyledons were cut and immersed in the MS media for 10 min in the dark. These AtDFR overexpressing transgenic B. napus plants were relocated from media to soil.
RT-PCR and qRT-PCR
Total RNA was extracted from 2-week-old plants for firststrand cDNA synthesis. First-strand cDNA was synthesized using MMLV Reverse Transcriptase, according to the manufacturer's instructions as described (Nguyen et al. 2016) . Real-time RT-PCR was conducted using EvaGreen 29 qPCR MasterMix (Applied Biological Materials, Inc., Richmond, Canada). The BnActin2 gene was utilized as the housekeeping gene and used as an internal control. The specific primers used for RT-PCR and qRT-PCR are shown in Supporting Table 1 .
Determination of relative anthocyanin levels
Anthocyanins were extracted from 2-week-old shoots in growth media. Approximately 100-mg samples of shoot were homogenized to powder in liquid nitrogen. The powdered samples were extracted with 400-lL methanol with 1% hydrogen chloride overnight at 4°C. Then, 400 lL of distilled water and chloroform were added to the supernatant. After vortexing the mixtures, they were centrifuged for 2 min at 3000 rpm to separate the aqueous supernatant. Anthocyanin content was detected by spectrophotometry at 535 and 650 nm.
3,3
0 -Diaminobenzidine (DAB) staining to assess scavenging activity Hydrogen peroxide was detected by DAB staining. Leaves were submerged in 1-mg/mL DAB solution for 4 h in the dark. This solution included 0.2-M HCl to reduce the pH to 3.0, Tween 20 (0.05 v/v), and 200-mM Na 2 PO 4 to increase the pH back to 7. After the staining reaction was terminated, the stained leaves were treated with bleaching solution (ethanol:glycerol:acetic acid = 3:1:1) in a water bath at 90°C for 15 min. Time was adjusted until the bleaching solution eliminated the green chlorophyll of the leaves.
DPPH (1, 1-diphenyl-2-picryl-hydrazyl) assay
Before conducting the DPPH assays, anthocyanin was extracted as an antioxidant in this study. Anthocyanin was extracted using a previously reported method. The extracts were dried completely by vacuum evaporation at room temperature, 600-lL methanol was used for resuspension and the solution was centrifuged for 2 min at 300 rpm. Then, 400 lL of supernatant was mixed with 400-lL DPPH (500 lM). The mixture was treated for 20 min in the dark at room temperature. After the reaction was completed, DPPH was detected by absorbance at 517 nm.
Determination of chlorophyll contents
Chlorophyll was extracted from 3-week-old plants after transfer from growth media to a high NaCl concentration media. The samples were soaked in 95% ethanol for 5 min for dehydration. Approximately 100 mg of the shoot sample was ground to a fine powder in liquid nitrogen. Next, 5 mL of 80% acetone was added to the ground sample, and the solution was mixed gently in the dark for 30 min to protect the chlorophyll from light damage. The mixture was centrifuged at 3000 rpm for 15 min at 4°C. Chlorophyll levels were measured by the absorbance at 663 and 645 nm.
Flavonoid staining of seedlings
Six-day-old seedlings of wild-type plants (Hanla) and AtDFR-OX plants grown on 1/2 9 MS media were stained with 2-aminoethyldiphenylborinate (DPBA) solution, following methodology described in the previous studies (Sheahan and Rechnitz 1993; Murphy et al. 2000 ). An LSM 700 Confocal Laser Scanning Microscope (CarlZeiss, Oberkochen, Germany) was used for detection of kaempferol and quercetin in the root tips.
Statistical analysis
Statistical analyses were carried out using Duncan's test at a 95% confidence level.
Results and discussion
Generation of AtDFR-OX transgenic Brassica plants
Because of their prominent red-blue pigmentation in various plant tissues, anthocyanins play crucial roles in the attracting animals for seed dispersal, protecting against UV light, and functioning as antioxidants (Harborne and Williams 2000) . Several genes have been identified in B. napus that are related to anthocyanin biosynthesis, including BnDFR (GenBank: DQ767950), BnF3H-1 (GenBank: DQ288239), BnCHS (GenBank: DQ767948), and BnC4H-1 (GenBank: DQ485130). However, most of them have not been studied in detail with respect to the mode of regulation in response to different growth environments. Recently, a growing number of reports have indicated that flavonoid biosynthesis pathways are activated in plants to allow them to cope with abiotic stresses. For example, it was recently demonstrated that enhanced accumulation of anthocyanins conferred greater abiotic stress tolerance in plants (Nakabayashi et al. 2014 , Li et al. 2017 . These reports prompted us to determine whether manipulation of anthocyanin levels could enable B. napus to survive better when faced with abiotic stressors. To answer this question, we chose the A. thaliana AtDFR gene, which plays a crucial role in anthocyanin biosynthesis. The full cDNA sequence of AtDFR was retrieved from the Arabidopsis Information Resource (TAIR) site and subjected to alignment analysis with B. napus DFR (BnDFR). As shown in Fig. 1d , amino-acid-level identity of AtDFR with BnDFR scored 94.3% (84% identity score in nucleotide sequence level shown in Fig. S2 ), which indicates that it is highly homologous to the BnDFR protein.
We then decided to generate Brassica plants overexpressing AtDFR to enhance anthocyanins, but not flavonols, such as quercetin or kaempferol. To do this, the AtDFR cDNA was cloned into pEarleyGate202 (Earley et al. 2006) . On the control of the Cauliflower Mosaic Virus 35S promoter (CaMV 35Spro), as shown in Fig. 1b . The resultant 35Spro:FLAG:AtDFR construct was introduced into the wild-type B. napus L. (Hanla cultivar), according to the method described by Bhalla and Singh (2008) . The putative transgenic Brassica were examined for real transformation using various methods, as shown in Figs. 1 and 2. First, the instant strips were utilized to quickly and precisely detect putative transgenic Brassica lines, in which they produce a band product of the BAR gene, which is not observed for the wild-type plants (Fig. 1b) . Both the WT and AtDFR-OX transgenic Brassica plants grew normally in soil (Fig. 1c) . Finally, genomic DNA PCR and RT-PCR analyses were performed to confirm that the AtDFR-OX transgenic B. napus plants had the insertion of AtDFR cDNA as well as higher transcript levels of AtDFR than did the wild-type (Fig. 2) .
Enhanced anthocyanin accumulations in AtDFR-OX B. napus plants
Because the transgenic Brassica plants were the T 1 generation, small shoots were transferred to amplification medium for further propagation, in accordance with the previous report by Vu et al. (2015) . After transfer, shoots were allowed to grow 3 more weeks on amplification medium for other experiments (Fig. S1 ). Because we intended to increase anthocyanin levels by AtDFR overexpression, the shoots of Brassica wild-type and AtDFR-OX (#6, #7, #9, and #10) were transferred to the 2% sucrose-MS medium supplemented with 300-mM sucrose or 300-mM mannitol to measure anthocyanin levels (Fig. 3a) . As shown in Fig. 3a , Brassica AtDFR-OX #6, #7, #9, and #10 lines accumulated more anthocyanins under the control and sucrose treated conditions. However, these transgenic lines did not show increased anthocyanin levels when exposed to 300-mM mannitol for 24 h. We then determined whether increased incubation time would alter the accumulation level of anthocyanins in the transgenic lines. Indeed, more anthocyanins accumulated in the AtDFR-OX #6 and #7 B. napus than the WT in response to NaCl and mannitol after 48 h of exposure (Fig. 3b, c) . These results indicate that anthocyanin levels were positively correlated with the strength of the abiotic stress up to some point and their levels could be further enhanced by the overexpression of the AtDFR gene.
Since we directed the flavonoid biosynthesis pathway toward anthocyanin production by overexpression of AtDFR, we determined if flavonol levels were decreased in AtDFR-OX #6 and #7 B. napus lines. It appeared that enhanced anthocyanin levels in AtDFR-OX #6 and #7 B. napus lines did not significantly affect flavonol levels under normal conditions, as shown in Fig. 4 , although slightly lower quercetin levels were observed in AtDFR-OX #6 and #7 B. napus lines than were observed in the WT.
Enhanced salt stress tolerance of AtDFR-OX Brassica plants
Many reports indicate that flavonoids serve as excellent antioxidants against abiotic stresses. For example, increased drought stress tolerance and antioxidative activity were observed in A. thaliana that had over-accumulated flavonols and anthocyanin (Nakabayashi et al. 2014) . Therefore, we decided to examine whether DFR overexpression conferred increased antioxidation ability to the AtDFR-OX B. napus lines. To answer to this question, we amplified sufficient shoot tissues of the AtDFR-OX and WT Brassica plants in the amplification medium and conducted the DAB analysis, which reacts with ROS to form a brown color. An intense brown color with DAB staining implies that abundant ROS are present in the corresponding tissues. We observed slightly less brown coloration in the AtDFR-OX B. napus lines than in the WT when B. napus plants were exposed to 200-and 300-mM NaCl or 200-and 300-mM mannitol for 6 h (Fig. 5a, b) . These results coincided with ROS scavenging abilities of the AtDFR-OX B. napus lines and the WT (Fig. 5d) . These results demonstrated that enhanced accumulation of anthocyanins provided greater ROS scavenging activity in the AtDFR-OX B. napus lines. Because anthocyanins are well-known antioxidants, it seems that the enhanced radical scavenging activity was definitely caused by the anthocyanin accumulation in transgenic Brassica seedlings. All of these results led us to examine whether AtDFR-OX B. napus lines with enhanced anthocyanin levels exhibited increased abiotic stress tolerance. To determine abiotic stress tolerance, amplified leaves of the AtDFR-OX B. napus lines and WT plants were transferred to medium with 200-or 300-mM NaCl and allowed to grow for an additional 5 or 9 days before pictures were taken. As shown in Fig. 6 
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********* * ***** ******* ** * ** * * * ****** enhanced tolerance to 200-and 300-mM NaCl treatment in comparison to the WT in a salt concentration-dependent manner. To visualize leaves in detail, shoots of the AtDFR-OX B. napus lines and WT plants grown on high salt concentration medium for 10 days were excised, and pictures were taken, and their chlorophyll contents were quantified (Fig. 6b, c) . To further examine whether AtDFR-OX B. napus lines exhibit enhanced tolerance to salt stress in soil grown conditions, we transferred explants of AtDFR-OX B. napus lines in sterilized soils in sterilized plastic containers, which were allowed to grow in controlled growth conditions. This setup eliminated the possible influence of environmental fluctuations on plant growth, which can result in variations of plant growth performance. As shown in Fig. 7 , WT and AtDFR-OX B. napus lines were transferred to sterilized soils supplemented with 0, 200 or 300 mM NaCl. There were no visible differences in WT and AtDFR-OX B. napus lines after 2 days of incubation in soils (Fig. 7) . However, the AtDFR-OX B. napus lines began to be differentiated from the WT with respect to growth performance, where AtDFR-OX B. napus lines grew much better, while WT plants stopped growing. Moreover, we observed that WT plants became pale green in 300 mM NaCl treatment in 20 days of incubation. From these observations, we concluded that the enhanced anthocyanin levels were positively correlated with better growth performance in response to drought and salt stress conditions. [300 mM] Fig. 3 Relative anthocyanin levels in wild-type plants and AtDFR-OX plants. Two-week-old shoots were grown in growth media, and the plants were transferred to MS liquid media. a Anthocyanin accumulation in 2-week-old shoots supplemented with sucrose 300 mM and mannitol 300 mM for 24 h, b NaCl 200 and 300 mM with sucrose 2% for 48 h, and c mannitol 200 and 300 mM with sucrose 2% for 48 h
Because an almost twofold increase in anthocyanin levels was detected in AtDFR-OX B. napus lines when compared to those of WT in response to 200-mM NaCl (Fig. 3b) , the expression profiles of selected genes in flavonoid biosynthesis were examined to determine possible correlations in their regulation. Interestingly, most of the tested genes, including BnCHS, BnC4H, BnUFGT, and BnFLS, exhibited reduced transcript levels in AtDFR-OX B. napus lines that were exposed to NaCl (Fig. 8) . It would be reasonable to assume that the enhanced anthocyanin levels in AtDFR-OX B. napus lines reduce the transcription of other anthocyanin biosynthetic genes by negative feedback. Our results suggest that enhanced abiotic stress tolerances are caused by the enhanced level of DFR proteins via overexpression and not by altering the expressions of other genes. It appears that there is a very complicated network of regulation in the accumulation of anthocyanins. Because AtDFR was driven followed by a strong promoter, which is 35S CaMV, we expected that AtDFR-OX B. napus lines would accumulate more anthocyanins under normal conditions. However, the accumulation of anthocyanins was not triggered by AtDFR overexpression alone under normal conditions, as shown in Fig. 3 . The AtDFR in the transgenic lines showed increased transcript levels than the control did, even more with 200-or 300-mM NaCl treatment (Fig. 2c) . In addition to the overexpression of AtDFR, it is necessary for plants to be exposed to salt stress to accumulate high levels of anthocyanins, as shown in Kaempferol Quercetin Control WT DFR-OX #6 DFR-OX #7 This prediction is likely because we found that AtDFR was induced in WT plants by high salt after a 24-h incubation (Fig. 2c) . In addition, we cannot rule out the possibility that there could be a post-transcriptional regulation of AtDFR function, which is activated only in the presence of high salt. Similar observations were also reported by another group. MYB44, the R2R3-MYB TF, was shown to be induced by salinity and other abiotic stresses (Jung et al. 2008 ). In the MYB44 overexpression plants, the expression of downstream target genes, including CHS, F3H, DFR, PAP1, and PAP2, was decreased in the presence of salinity stress, but not under normal conditions (Jung et al. 2008) . b Fig. 6 Growth in high NaCl concentrated medium. a Phenotype during 9 days of growing. The plants were wild type and AtDFR-OX transgenic. They were observed on the day on which plants were transferred from growth media to NaCl 200 and 300 mM media, and after 5 and 9 days. The regulatory network of anthocyanin biosynthesis is well established (Falcone Ferreyra et al. 2012 ). In particular, many transcription factors (TFs) play crucial roles in the modulation of gene expression of flavonoid biosynthesis in various plants (Hichri et al. 2011; Petroni and Tonelli. 2011; Schwinn et al. 2014) . Among them, some MYB genes are controlled by high carbon or nitrogen limitation. On the other hand, other MYB genes, such as MYB112, are induced by salinity or high light stress and not by high carbon or nitrogen limitation (Lotkowska et al. 2015) . This indicates that plants have developed different signal transduction pathways to regulate differentially the accumulation of anthocyanins in response to various environmental alterations. Determination of the abiotic stressors that induce different types of flavonoids, and how they are induced, would be interesting subjects for future studies.
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Herein, we demonstrated that overexpression of AtDFR in B. napus was successfully enhanced anthocyanin levels in a salinity-dependent manner, implying that AtDFR proteins are functionally competent in B. napus plants. We further demonstrated that accumulation of anthocyanin in response to high salinity conditions conferred high salt stress tolerance in AtDFR-OX B. napus plants via enhanced ROS scavenging activities. Salinity stress accompanied with an anthocyanin accumulation has been reported from a number of species, such as sugarcane, strawberry, and rice (Wahid and Ghazanfar 2006; Keutgen and Pawelzik 2007; Roychoudhury et al. 2008 ). Additional applications using various genes correlated with anthocyanin biosynthesis could be a practical approach to impart increased capabilities to vegetables, as well as other crops against salinity stress. Fig. 8 Expression of structural genes related to the flavonol pathway in wild-type plants and AtDFR-OX transgenic plants. Two-week-old leaves were grown on 2% MS medium and used for RNA extraction after treatment with NaCl 0, 200, and 300 mM for 6 h. The control condition was supplemented with MS liquid media only. BnActin2 was used as a control. qRT-PCR was performed using specific primers. The information for the primer is in Supporting Table 1 Plant Cell Rep (2017 Rep ( ) 36:1215 Rep ( -1224 Rep ( 1223 
